Introduction
The solid Earth is composed of three major chemical layersthe crust, the mantle, and the core. These features were first identified by analyzing seismic waves generated by large-scale earthquakes, penetrating into the interior of the Earth (e.g., Williamson and Adams, 1923) . Later, when the physical properties of putative inner Earth materials were measured in high pressure and temperature experiments, inner Earth seismic wave velocities and density profiles were linked to the chemical compositions of these layers (e.g., Birch, 1952) .
The silicate mantle is the Earth's volumetrically largest division. Its chemical composition and structure are a constant subject of inquiry and debate as they tie into many issues pertaining to the origin of the Earth and its evolution (e.g., Javoy et al., 2010) . One of the most prominent seismic features of the mantle is the 660-km discontinuity, characterized by a sharp jump in seismic velocity. This discontinuity, which serves as the boundary between the upper and lower mantles, has traditionally been attributed * Corresponding author.
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to the temperature and pressure-induced breakup of ringwoodite, (Mg, Fe) 2 SiO 4 , into bridgmanite, (Mg,Fe)SiO 3 (formerly referred to as "Mg-silicate-perovskite"), and ferropericlase, (Mg, Fe)O (Ito and Takahashi, 1989) .
There is yet no consensus on whether this discontinuity is also a chemical boundary (e.g., Irifune et al., 2010; Murakami et al., 2012) , which would imply different compositions for the lower and upper mantles. The upper mantle composition is well established from samples of mid-ocean ridge volcanism and mantle peridotites, and is widely presumed to be pyrolitic (McDonough and Sun, 1995) . Pyrolite, a theoretical composition calculated as three parts peridotite and one part normal mid-ocean ridge basalt (Ringwood, 1962) , is depleted in Si compared to chondrites. Chondrites are often considered to be the building blocks of the Earth. If the bulk Earth has a CI-chondritic Si/Mg ratio, then the compensation for the apparent depletion of Si in the upper mantle is explained either by sequestering of some Si into the core (e.g., Allegre et al., 1995; Georg et al., 2007) , or having a higher Si/Mg ratio in the lower mantle (e.g., Taylor and McLennan, 1985) , or both.
Such a chemical stratification in the mantle, if it exists, would have most likely been caused by the gravitational settling of dense bridgmanite crystals during the solidification of a magma ocean http://dx.doi.org/10.1016/j.epsl.2016.02.001 0012-821X/© 2016 Elsevier B.V. All rights reserved. not long after the Earth formation (Agee and Walker, 1988) . The preservation of such a chemically layered mantle throughout billions of years would imply a lack of material transport between the upper and lower mantles throughout the history of the Earth. Although seismic tomography has revealed slabs penetrating the 660-km discontinuity (Van der Hilst et al., 1997) , the extent of material exchange between the upper and lower mantles remains unclear.
The composition of the lower mantle has been evaluated by modeling sound velocity profiles using experimentally derived physical properties of mantle minerals under proper P-T conditions (Lee et al., 2004; Stixrude et al., 1992) . However, in most experiments, the chemical composition of the lower mantle is approximated by the Fe-Mg-Si-O system, neglecting the less abundant major elements such as Al and Ca. The effect of Al on the shear properties of bridgmanite, having only been explored in the past decade (Jackson, 2004; Murakami et al., 2012) , has profound implications for interpreting the lower mantle composition. Using experimental data obtained under lower mantle P-T conditions, recent modeled seismic shear wave velocities of a pyrolitic lower mantle (Murakami et al., 2012) were found to have large discrepancies from the shear wave velocities of the 1D seismic profile, PREM (Dziewonski and Anderson, 1981) . Specifically, the modeled shear wave velocity profile for a pyrolitic lower mantle with Albridgmanite was much lower than PREM (∼3% offset). The difference was resolved by increasing the bridgmanite/ferropericlase ratio in the lower mantle compared to the pyrolitic composition, leading Murakami et al. (2012) to infer a Si-enriched lower mantle.
The approach of Murakami et al. (2012) neglects the contribution of a Ca-bearing phase and the effect of Al on Fe-Mg partitioning between bridgmanite and ferropericlase, which in turn, affects the sound wave speeds of these minerals. Here, we model the shear wave velocities of the lower mantle, taking these effects into account. The pyrolitic mantle contains ∼3-4 wt% CaO (e.g., McDonough and Sun, 1995) , which in the lower mantle resides in Ca-perovskite, CaSiO 3 , occurring alongside two other minerals, bridgmanite and ferropericlase. Although the shear properties of Ca-perovskite have not been measured experimentally, ab initio calculations (e.g., Karki and Crain, 1998) of cubic Ca-perovskite have demonstrated high shear velocities which can potentially resolve the discrepancy between a pyrolitic lower mantle and observed seismic wave velocities.
Calculations of lower mantle sound wave velocities usually consider bridgmanite and ferropericlase with Fe-Mg partitioning characteristic of Al-free systems (e.g., Zhang et al., 2013) . Al, however, residing exclusively in bridgmanite, affects Fe-Mg partitioning to a substantial degree. Although Al is reported to increase the amount of Fe in bridgmanite due to the coupled substitution of (Fe 3+ and Al 3+ ) for (Mg 2+ and Si 4+ ) (Wood and Rubie, 1996) , the extreme variability in the data ( Fig. 1 ) has made the subject controversial. In particular, relations among pressure, temperature and Fe-Mg partitioning behavior in coexisting Al-bearing bridgmanite and ferropericlase have so far remained unclear. Another possible complication is the spin transition occurring in ferropericlase, a high pressure effect involving a change in an electron configuration from high spin to low, which subsequently affects both the bulk and shear properties of ferropericlase. As Fe-Mg partitioning between Al-bridgmanite and ferropericlase in the lower mantle can affect shear wave velocity calculations, there is a necessity to critically assess and analyze the available experimental data. Through such an analysis, we present a statistically significant correlation that is capable of predicting K D values, use this relation to derive K D suitable for the lower mantle, and apply these to shear wave velocity calculations. In addition, our study also explores the fractionation of lithophile trace elements in a putative Si-enriched lower mantle that Blue, upward-pointing triangles and red squares denote data for Al-bearing (Frost and Langenhorst, 2002; Irifune et al., 2010; McCammon et al., 2004; Murakami, 2005; Nishiyama and Yagi, 2003; Sinmyo and Hirose, 2013; Wood and Rubie, 1996; Wood, 2000) and Al-free systems (Auzende et al., 2008; Frost and Langenhorst, 2002; Nakajima et al., 2012; Sakai et al., 2009) , respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
would have formed in a differentiating magma ocean, by taking advantage of primordial fractionation effects in the 176 Lu-176 Hf and 147 Nd radiogenic isotope systems between a silicate melt and high-pressure lower mantle phases. Using approaches from mineral physics and geochemistry, we evaluate the likelihood of a chemically stratified mantle, with the lower mantle being enriched in Si compared to the upper mantle.
Methods

Shear wave velocity modeling
Modeling a seismic velocity profile of a planetary layer such as the lower mantle involves a series of calculations for different depths of the layer. Each step calculates the compound shear wave velocities for a mineral aggregate representing a bulk chemical composition at a given pressure and temperature. For the calculations of the aggregate shear wave velocity of a pyrolitic lower mantle, the mineral proportions of lower mantle minerals (∼77.5 vol% bridgmanite [Al-(Mg, Fe) Irifune, 1994) are used. Since the amount of Fe in ferropericlase or bridgmanite affects the wt% proportions of these minerals, we consider minor variations in the volume and weight proportions of lower (Andrault et al., 2007; Fiquet et al., 2000) 244 (Ricolleau et al., 2009) (Funamori et al., 1996) 2.2 × 10 −5 (Shim and Duffy, 2000) 3.15 × 10 −5 (Dubrovinsky and Saxena, 1997) γ 0 1.48 (Stixrude and Lithgow-Bertelloni, 2005) 1.53 (Shim and Duffy, 2000) 1.5 (Stixrude and Lithgow-Bertelloni, 2005) (∂ G/∂ T ) (GPa K −1 ) −0.020(1) (Murakami et al., 2012) −0.023(6) (Cammarano et al., 2003) −0.020(1) (Murakami et al., 2012 Stixrude and Lithgow-Bertelloni (2005) where available, or fitting synthetic data that was generated by applying G and G values to the second-order Eulerian finite strain equation (Davies and Dziewonski, 1975 Green et al. (1979) and Jagoutz et al. (1979) . For the calculation of the shear wave velocity profile of the lower mantle, we utilize the third-order Eulerian finite-strain equation (Stixrude and Lithgow-Bertelloni, 2005) to calculate shear modulus (G), where the non-thermal portion is expressed as follows:
Here, G 0 is the shear modulus at zero pressure, G 0 is the pressure derivative of the shear modulus, K 0 , the bulk modulus, and K 0 , the pressure derivative of the bulk modulus. This expression is thermodynamically self-consistent to f 2 , where f , the finite strain, is defined as:
where ρ is density at corresponding depth, and ρ 0 is the density at zero pressure. K S0 is the isentropic bulk modulus at zero pressure:
Here, T is the temperature at ambient pressure; K T 0 , the isothermal bulk modulus; α 0 , the thermal expansion coefficient; and γ 0 , the Grüneisen parameter. Temperature corrections for shear modulus are made using linear projections (e.g., Deschamps and Trampert, 2004) . We adopted the Voigt-Reuss Hill averaging method (Hill, 1952) for the aggregate shear modulus of Mg-perovskite, ferropericlase, and Ca-perovskite of the lower mantle. For the aggregate density of the lower mantle in calculating shear wave velocity, PREM (Dziewonski and Anderson, 1981 ) is used. Model calculations are performed along an adiabatic geotherm (Brown and Shankland, 1981) .
For the shear properties (G, G ) of bridgmanite, we use experimentally derived values from Murakami et al. (2012) , which were used to argue for a Si-enriched lower mantle. The Fe-content in bridgmanite has been experimentally shown to have no bearing on its shear modulus (Chantel et al., 2012) . In contrast, the shear properties of ferropericlase are affected by Fe. When calculating the change in the shear properties of ferropericlase with respect to its Fe/Mg ratio, we refer to the studies of Jacobsen et al. (2002) and Murakami et al. (2012) . The pressure derivatives of the shear modulus (G ) in the original experiments are derived using the second order Eulerian finite-strain equation (Davies and Dziewonski, 1975) . For internal consistency in calculations, G is re-derived using the third order expansion of the Eulerian finite strain equation (Stixrude and Lithgow-Bertelloni, 2005) by refitting the raw data if reported, or refitting synthetic data generated using the published elastic constants as described in the footnote of Table 1 . As there are no experimental data on the shear properties of Ca-perovskite, following Matas et al. (2007) , we use ab initio calculations of Karki and Crain (1998) .
Deriving K D : finding a correlation between different chemical components
The partitioning of Mg and Fe between bridgmanite (pv) and ferropericlase (fp) in Al-free systems is described by the following reaction:
where the partition coefficient, K D , expresses the distribution of Fe and Mg end-member components between the two coexisting phases: (Auzende et al., 2008; Kobayashi et al., 2005; Mao et al., 1997; Sakai et al., 2009) , implying higher molar Fe/Mg ratios in ferropericlase than in bridgmanite. In Al-bearing systems however, K D values are higher by a factor of two or more and show large variations (Fig. 1 ). This phenomenon is largely attributed to the coupled substitution of (Fe , and T in Al-bearing systems. The mole fractions are in apfu units, while T is in K. The same plot is shown from two different angles for clarity. The data form three planar clusters roughly corresponding to the bulk Fe# of the system: the yellow plane corresponds to Fe#>0.18, the blue plane to an Fe# of <0.10-0.18 which is inclusive of the bulk silicate Earth, and the red plane to Fe#<0.10. The data sources are indicated in the legend. To avoid cluttering, only the most oxidizing experiments buffered by Re-ReO 2 (2 log units above QFM) are marked by crosses. Other experimental data were acquired at more reducing conditions spanning from the CO 2 -CO buffer (2 log units below QFM) to the IW buffer (∼3.5 log units below QFM), provided the equilibration of the experimental charge with Fe capsules has been achieved. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
where Fe 3+ is thought to reside preferentially in the dodecahe- , as well as experimental temperature (K) and pressure (GPa) are compiled from a number of literature sources and treated as variables. The apfu values are directly quoted from studies, or calculated from the reported mineral analyses when necessary (Frost and Langenhorst, 2002; Irifune et al., 2010; McCammon et al., 2004; Murakami, 2005; Nishiyama and Yagi, 2003; Sinmyo and Hirose, 2013 the bridgmanite-ferropericlase system. These data groups -labeled "low," "middle," and "high" hereafter -roughly correspond to the bulk Fe# of below 0.10, 0.10-0.18, and higher than 0.18, respectively. The "middle" data group that includes the pyrolitic composition (∼0.107) also contains the highest abundance of data, and therefore was deemed best suited for statistical analysis. This data group was used to derive a model correlation among different chemical components and experimental conditions. Experimental temperatures in this group typically range from 1800 to 2400 K, spanning the range of the lower mantle, while pressures range from 24 to 114 GPa. Coefficients of each of the independent components (any combination of T , P , X 
Here, y is the dependent variable, x 1 to x n are independent variables, a 1 to a n are the coefficients of the independent variables, and b is a constant. Correlations where X a i was potentially both a dependent and independent variable (e.g., K D = a X pv Fe + b) were avoided in such an approach, as there would be little to no predictive value. The statistical likelihood of a correlation between randomly selected chemical components and experimental conditions was then assessed by calculating p-values as a test of statistical significance for the coefficients of independent variables simultaneously. Here the null hypothesis is an absence of a correlation between the dependent and independent variables. Following convention, p-values were deemed to indicate statistical significance at a value of 0.05 or less. A correlation was rejected as statistically insignificant and thus unlikely when p-values were higher than 0.05 for any coefficient, including the constant.
Components with a high probability of being related to one another were plotted in Cartesian coordinates (Fig. 2) to visually assess the linear least squares fitting. Here the criterion for assessing the quality of the data was more rigorous. Each individual data point that was noted to deviate from the trend was assessed, and deemed to be an outlier when its inclusion to the data set caused the p-value of a coefficient to surpass 0.01. For the sake of completeness, we also plotted the experimental data that failed the p-test and were excluded from calculating regression coefficients. The derived relation was further used to calculate K D values (Section 3.2).
Magma ocean modeling
It is widely believed that the interior of the early Earth once contained a partially or completely molten reservoir of silicate material referred to as a magma ocean (e.g., Elkins-Tanton, 2012 ). If such a magma ocean was deep enough to include a large, or the entire portion of the lower mantle, then the fractionation of Mg and Si, and thus Si-enrichment in the lower mantle would have most likely been generated during early magma ocean crystallization accompanied by gravitational settling of bridgmanite. The enrichment of the lower mantle in bridgmanite would, in turn, fractionate lithophile trace elements such as Lu, Hf, Sm, and Nd, leaving the upper mantle enriched in some elements and depleted in others. This is because bridgmanite and Ca-perovskite are either greatly depleted or enriched in Sm, Nd, and Lu relative to the melt from which they crystallize (Table 3) .
Consequentially, a comparison of modeled trace element patterns produced by a putative bridgmanite settling with available trace element signatures of the upper mantle can shed light on whether this feature is still present if it has ever occurred. We test the hypothesis of a layered mantle through a simplified magma ocean model that explores trace element fractionation in such a scenario. Although the solidification of a magma ocean is expected to produce increasingly denser materials from bottom up due to progressive enrichment of residual liquid in FeO (e.g., Elkins-Tanton et al., 2003), we do not consider this effect in our model, because likely gravitational instability and overturn would erase any features of large scale mantle layering. For comparison of our model with the data, we refer to the Hf-Nd signatures of accessible mantle samples, commonly known as the terrestrial array (hereafter denoted as the terrestrial Hf-Nd array, to avoid confusion with the "mantle array") (Vervoort et al., 2011 (Vervoort et al., , 1999 (2000) and Caro et al. (2005) , we assume a magma ocean with chondritic Sm/Nd and Lu/Hf ratios generated by an event such as the Moon-forming giant impact (e.g., Tonks and Melosh, 1993) . Although Boyet and Carlson (2005) Upon cooling, the magma ocean crystallized bridgmanite and Ca-perovskite. It is unlikely that the Earth evolved from a single magma ocean; however, we assume one for the purposes of testing the hypothesis of a homogeneously Si-enriched lower mantle forming during magma ocean crystallization as suggested by Murakami et al. (2012) . We neglect ferropericlase because its trace element fractionation effects are negligible compared to bridgmanite and Ca-perovskite (e.g., Walter et al., 2004) .
Although the timing of such a large-scale differentiation event(s) is unclear, the last magma ocean forming event is thought to have been the Moon-forming giant impact, with the estimated timing of this event of about 30 Ma (Jacobsen, 2005) but not exceeding 100 Ma (Yu and Jacobsen, 2011) after the formation of the first Solar System condensates at 4.567 Ga. Here we assume the onset of upper and lower mantle differentiation to occur at 4.467 Ga.
Because Ca-perovskite has the largest effect on the solid-melt partitioning of Sm, Nd, and Lu, and because the crystallization sequence of Ca-perovskite in relation to bridgmanite is unclear, we varied its amount in Si-enriched lower mantle scenarios, ranging from 2 wt% Ca-perovskite (+98 wt% bridgmanite) to 7 wt% Caperovskite (+93 wt% bridgmanite), with 1 wt% increments. The calculated model signatures of the upper mantle are plotted in ε-units along with their complementary lower mantle compositions. Here the upper mantle is set to take up 27 wt% of the whole mantle.
We consider two end-member magma ocean crystallization scenarios representing batch (or equilibrium) and fractional crystallization (subscripts "eq" and "fr", respectively) using equations from Caro et al. (2005) modified to include the effects of radioactive decay. Described below is the case for the Sm-Nd system, which equally applies to the Lu-Hf system when considering Lu in place of Sm, and Hf in place of Nd.
The bulk solid-liquid partition coefficient, D, is defined as: 
where 1 − F is the weight fraction of the lower mantle compared to the whole mantle, and F is the melt fraction (upper mantle 
where t E is the age of the Earth, and t is the time passed from magma ocean crystallization to present, and λ, the decay constant of the radioactive parent isotope. Expressions are analogous for the Lu-Hf system. The solid-melt partition coefficients and CHUR values used in the modeling are listed in Tables 2 and 3, respectively.
Results and discussion
A statistically significant relationship between chemical components and temperature for Al-bridgmanite
The statistical treatment of experimental data on bridgmanite equilibrated with ferropericlase reveals a correlation in each data 
Such a formulation naturally forms a plane in 3-dimensional coordinates, whose axes represent X pv Fe vs X pv Al vs T (Fig. 2) . Pressure as a variable (ranging from 24 to 109 GPa) was found to be statistically insignificant (p-value >0.6) and thus excluded in relation to other components in Eq. (13). All of the components presented in Fig. 2 are directly quoted from the literature or calculated from reported chemical analyses, with no additional treatment to the data.
For the "middle" group ( Fig. 2; blue) , the trend is well-defined. for the "low" and "high" groups of data are similarly low, on the order of 10 −6 . On the other hand, the p-values for the coefficients of the temperature component in the "high" and "low" groups are ∼0.06 and ∼0.15 respectively, possibly due to a weaker correlation compared to the relationship between X pv Al vs X pv Fe , or more likely due to the small data set. Although the "low" and "high" data groups are not directly applicable to the bulk silicate Earth (BSE), they do give important insights into crystal chemistry of bridgmanite as discussed in Section 3.2.
K D for Al-bearing systems
The correlations between bridgmanite composition and temperature (Eq. (13) In the "low" group (Fig. 2, red) Although the definition of K D requires the knowledge of the Fe/Mg ratios of both bridgmanite and ferropericlase, as Eq. (13) only constrains the Fe-content of bridgmanite, the amount of Fe in ferropericlase is inferred indirectly. Using Eq. (13) to constrain the Fe-content in Al-bearing bridgmanite, the Fe/Mg ratio of bridgmanite is approximated as:
Then the X (15) where e and f are the respective mineral proportions of bridgmanite and ferropericlase in the experimental charge. For pyrolitic compositions, e and f are 0.685 and 0.315.
The calculated Fe-contents in Al-bridgmanite, and ferropericlase (Eqs. (13)- (15)) as well as corresponding K D values reproduce the experimental data very well (Fig. 3) . Despite potential errors associated with approximations of the Fe/Mg ratio in bridgmanite (Eq. (14)) and the indirect inference of X fp Fe (Eq. (15) Frost and Langenhorst (2002) and Nishiyama and Yagi (2003) , respectively. Although the expected response from a conventional exchange equilibrium reaction dictates that the K D values should be similar for the same intensive parameters despite different bulk compositions, the experiment at higher Fe# yields K D of 0.46, while at lower Fe# the K D is 0.98. Our set of equations that takes into account the bulk Fe# reproduces such a behavior very well (Fig. 3,  right) .
Our finding that the Fe-Mg partitioning between Al-bearing bridgmanite and ferropericlase is strongly controlled by bridgmanite questions the notion (e.g., Irifune et al., 2010) Here, the decrease in K D is a reflection of the high sensitivity of K D to Al-content in bridgmanite rather than due to the spin transition in ferropericlase. Moreover, the 47 GPa data point (Irifune et al., 2010) plots very close to a low pressure (25 GPa) data of Frost and Langenhorst (2002) (circled; Fig. 2 ). The reason for the deviations of these points from the determined trends in 3D space is unclear. In contrast, a data point at 109 GPa (Sinmyo and Hirose, 2013 ) is shown to conform to trends in Fig. 2 , where the calculated K D value reproduces the experimental value to within 0.10 (Fig. 3) . This further suggests that observed variations in K D values are typically not related to the high pressure (>60 GPa) effects involving the spin transition in ferropericlase.
Although the large variation in K D for Al-bearing systems (Fig. 1) was attributed to the possible lack of equilibrium across experiments (e.g., Frost and Langenhorst, 2002) , we find the quality of the data to be more or less consistent from study to study. This is based on the observation that the data follow distinct trends, which are largely defined by experimental conditions such as temperature and the charge composition rather than by lab (study) and/or apparatus type (diamond anvil vs multi-anvil cell).
Calculation of lower mantle seismic profiles when considering Ca-perovskite and K D
The lower mantle shear wave velocity profile of the mixture of bridgmanite and ferropericlase in pyrolitic proportions (8:2 in volume) using the K D value of 0.24, typical of Al-free systems, yields a maximum offset from PREM of 3.3%, consistent with the calculations of Murakami et al. (2012) . The addition of Ca-perovskite to the mixture while still assuming a K D of 0.24 reduces the offset of the calculations from PREM to around 1.6%, with the offset normalized to PREM at a maximum at lower pressures (<60 GPa).
However, the primitive mantle composition contains 4.5 wt% Al 2 O 3 (McDonough and Sun, 1995) , which mostly resides in bridgmanite (∼5 wt% Al 2 O 3 ). For the bulk silicate Earth Fe# of 0.107, the solution of Eq. (13)- (15) yields a K D value of ∼1.05 at 1880 K, corresponding to a depth of 670 km (24 GPa) in the lower mantle. K D decreases along the lower mantle adiabatic temperature profile (Brown and Shankland, 1981) to ∼0.65 near 125 GPa (Fig. 4, top) . Increasing K D from 0.24 to higher values characteristic of the BSE diminishes the discrepancy of lower mantle shear wave velocity calculations from PREM to 0.2-0.6%. Meanwhile, considerations in the 1 sigma uncertainties in the thermoelastic constants of Albridgmanite alone in these calculations yields an uncertainty in lower mantle shear wave velocity calculations of ∼±1%. An uncertainty of ±0.10 in K D values translates to a ∼±0.1% uncertainty in shear wave velocity calculations, which is negligible in comparison.
The changes in shear and bulk properties induced by the spin transition of Fe in ferropericlase are noticeable in pyrolitic lower mantle shear wave velocity calculations as a small jump at ∼60 GPa, whereas such features are not apparent in seismic 1D
shear wave velocity models. The velocity jump from high spin to low spin at 60 GPa (∼1500 km depth from the Earth's surface) is calculated to be 0.3%. In contrast, variations in shear wave velocities in 3D tomographic models such as S40RTS (Ritsema et al., 2011) , reveal shear wave velocity anomalies of up to ±1.5%, with (Vervoort et al., 2011 (Vervoort et al., , 1999 . (c no clear indication of a global velocity change occurring at depths corresponding to range ∼60 GPa. It may well be that seismic 1D models are incapable of resolving such a small scale discontinuity as one expected around 60 GPa, as inferred from tomographic shear wave velocity variations that are much larger than the change of velocity incurred by the spin transition of Fe in ferropericlase at such depths. Alternatively, an absence of a feature in 1D seismic models may be explained by a gradual spin transition over a range of pressures in the mantle as observed in experiments (e.g., Badro, 2014) , rather than by an abrupt change at around 60 GPa. The calculations in this study demonstrate the importance of less abundant major elements such as Ca and Al in modeling shear wave velocities of the lower mantle. We note that the large offset of the shear wave velocity calculations of a pyrolitic lower mantle, demonstrated to be incompatible with PREM by up to 3.2% (Murakami et al., 2012) , can be resolved by considering Ca-perovskite and Fe-Mg partitioning values characteristic of Albearing lower mantle minerals. As Ca and Al cannot be excluded from the bulk silicate Earth, the considerations of a Ca-bearing phase and the effects of Al on the shear wave velocity model of the lower mantle support a lower mantle of a pyrolitic composition over one that is Si-enriched. Kato et al. (1988) have previously explored possible trace element fractionation during the solidification of a terrestrial magma ocean to conclude that the mantle was unlikely to be chemically stratified. Owing to recent claims of a chemically stratified mantle involving the entire volume of the lower mantle, here we explore the fractionation of trace elements due to the formation of a Sienriched lower mantle using the Hf-Nd isotopic systems, while comparing the results to the terrestrial array. Such a test is limited to the layered mantle scenario because only the lack of communication between the upper and lower mantles would have been capable of preserving these signatures.
Trace element signatures of magma ocean crystallization
The gravitational settling of denser crystals during the magma ocean crystallization results in an enrichment of the lower mantle in Si compared to both the chondritic source and the complementary residual melt, which formed the upper mantle. Once the crystallization front rises to a depth where the bridgmanite and Ca-perovskite become unstable, substantial fractionation of trace elements is no longer possible. At this point the silicate magma ocean consists of 73 wt% solids, corresponding to the weight proportion of the silicate lower mantle, and 27 wt% residual melt which later solidifies to form the primitive, pyrolitic upper mantle ("PUM"; Fig. 5a ). Subsequent repeated remelting of the Earth throughout its geologic history produces materials of the terrestrial Hf-Nd array representing the continental and ocean crust, as well as the depleted mantle (Blichert-Toft and Albarede, 1997; Vervoort et al., 2011 Vervoort et al., , 1999 .
The differentiation of the bulk silicate Earth into the model PUM and Si-enriched lower mantle results in a strong fractionation trend in ε Hf -ε Nd space (Fig. 5) . The model PUM is enriched in Nd relative to CHUR in all variants of lower mantle model compo-sitions explored here, exhibiting negative ε values. The Sm and Hf content of the upper mantle, on the other hand, are strongly controlled by the assumed Ca-perovskite content in the lower mantle.
The ε Hf -ε Nd signatures of the upper and lower mantles fractionate up to dozens of ε-units away from the CHUR in opposite, but complementary directions. The subsequent differentiation of the PUM (arrows in Fig. 5b ) into the depleted mantle and crust is anticipated to transform a single PUM ε Hf -ε Nd value (blue points in Fig. 5c ) into an array with a slope parallel to that of the terrestrial Hf-Nd array.
The consequences of having a Si-enriched lower mantle formed in a large-scale differentiation event are demonstrated in Fig. 5c by the modeled ε Hf and ε Nd signatures of the upper and lower mantles. Despite wide variations in Ca-perovskite content, the fractionation of the trace elements is so large, that none of the modeled PUM ε Hf -ε Nd values comes close to CHUR, or remotely overlaps with the PUM fractionation line of the present day terrestrial HfNd array.
As the D values for the of the Sm-Nd and Lu-Hf isotope systems used here are measured at pressures close to the 660-km discontinuity, it is possible that the partition coefficients may change with pressure and temperature. In such a case, D values may well increase with increasing pressure because of a positive Clapeyronslope of fusion in silicates . This would tend to increase the fractionation effects of the ε Hf -ε Nd signatures (Fig. 5c We note that the PUM ε Hf -ε Nd signatures resulting from the formation of a Si-enriched lower mantle (Fig. 5c ) cannot be erased by subsequent upper mantle melting, as these ε Hf -ε Nd signatures are strongly controlled by minerals that are stable only under lower mantle conditions. Therefore, the lack of overlap between our model and the terrestrial Hf-Nd array makes a Si-enriched lower mantle containing more than 93 wt% bridgmanite at present day unlikely. In contrast, an early decoupling of Hf-Nd signatures (e.g., Puchtel et al., 2013) suggests that chemical layering was present early on, although often inferred to occur at depths well into the lower mantle. Even if there was once chemical stratification in the mantle involving a composition change at the 660-km discontinuity, the upper and lower mantles have been subsequently disturbed and remixed rather than preserved perhaps during vigorous convection predicted by models of magma ocean evolution (Tonks and Melosh, 1993) .
Conclusions
The shear-wave velocity model of the lower mantle matches the pyrolitic composition to within 1% when the contribution of Ca-perovskite and relatively high K D values characteristic of Albearing systems are taken into account.
The evaluation of experimental data on Fe-Mg partitioning between bridgmanite and ferropericlase in Al-bearing systems shows that K D depends upon the Al content, the bulk Fe# of the system, and temperature. Dependence of K D on pressure up to 109 GPa is not significant. K D is also unlikely to be substantially (>0.10) affected by the spin transition of Fe in ferropericlase. For the bulk silicate Earth composition combined with lower mantle temperature conditions, K D values likely exceed 0.65 throughout the whole lower mantle, approaching ∼1.05 near the 660-km discontinuity.
Our modeling of the crystallization of a magma ocean with a Si-enriched lower mantle yields ε Hf and ε Nd signatures that do not overlap with the present day terrestrial array, implying that if such a Si-enriched lower mantle has ever formed, it was not preserved throughout Earth's history. It may be concluded that the lower mantle is likely pyrolitic, and that the mantle as a whole need not be chemically stratified.
